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Key points summary: 21 
 22 

• Time-of-day differences in exercise performance are well established in the literature. 23 
We observe that after 6 weeks of endurance exercise training there is no longer a 24 
time-of-day specific difference in endurance performance. 25 

 26 
• Consistent endurance training performed in morning (ZT13) results in a greater 27 

performance increase compared to exercise training during the afternoon (ZT22). 28 
 29 

• Removal of time-of-day differences in performance through exercise training is 30 
strongly associated with significant phase shifts (~5 hour advance) of the muscle 31 
clock. 32 

 33 

 34 

Abstract 35 

Time-of-day differences in acute exercise performance in mice are well established with late 36 

active phase (afternoon) runners exhibiting significantly greater endurance performance 37 

compared to early active phase (morning) runners. In this study, we asked if performance 38 

adaptations would be different when training for 6 weeks at two different times of day, and if 39 

this corresponds to steady state changes in the phase of peripheral tissue clocks. To address 40 

these questions, we endurance trained female PER2::Luciferase mice, at the same relative 41 

workload, either in the morning, at ZT13, or in the afternoon, at ZT22. Then, after training, 42 

we recorded luminescence from tissues of PER2::Luciferase mice to report timing of tissue 43 

clocks in several peripheral tissues. After 6 weeks, we found that both groups exhibited 44 

significant improvements in maximal endurance capacity (total treadmill work)(p < 0.0001), 45 

but the morning runners exhibited an enhanced rate of adaptation as there was no detectable 46 

difference in maximal endurance capacity (p = 0.2182) between the morning and afternoon 47 

runners. In addition, morning and afternoon runners exhibited divergent clock phase shifts 48 

with a significant 5-hour phase advance in the EDL (p < 0.0001) and soleus (p < 0.0001) of 49 

morning runners, but a phase delay in the EDL (p < 0.0001) and Soleus (p < 0.0001) of 50 

afternoon runners. Therefore, our data demonstrate that morning training enhances endurance 51 

adaptations compared to afternoon training in mice, and we suggest this is due to phase 52 

advancement of muscle clocks to better align metabolism with exercise performance.  53 

 54 

 55 

 56 

 57 
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 58 

 59 

 60 

 61 

 62 

 63 

 64 

 65 

Introduction 66 

Time-of-day differences in endurance exercise performance have been reported in 67 

both humans (Chtourou & Souissi, 2012; Souissi et al., 2002; van Moorsel et al., 2016; 68 

Gemmink et al., 2023) and rodents (Wolff & Esser, 2012; Ezagouri et al., 2019; Adamovich 69 

et al., 2021a; Maier et al., 2022).  In mice, endurance performance is significantly greater 70 

when tested later in the active period, and this is consistent with studies of humans showing 71 

increased endurance performance in the afternoon. Recent studies have demonstrated that 72 

endurance performance is circadian clock controlled in mice as different genetic mouse 73 

models of clock disruption do not exhibit time-of-day exercise performance (Adamovich et 74 

al., 2021a; Xin et al., 2023a). Analysis of tissue glycogen levels suggested liver glycogen 75 

stores, linked to feeding, were contributors to the differential time-of-day endurance however 76 

there is still very little understood.   77 

The circadian clock mechanism is an evolutionarily conserved transcription-78 

translational feedback mechanism that exists in virtually all cells in the body. The core clock 79 

transcription factors Bmal1 and Clock regulate expression of Period1/2 and Cryptochrome1/2 80 

genes and their protein products feedback and repress their own expression by inhibiting 81 

Bmal1 and Clock transcriptional activity (Ko & Takahashi, 2006; McCarthy et al., 2007; 82 

Golombek & Rosenstein, 2010; Mohawk et al., 2012; Partch et al., 2014). This cycle takes 83 

~24 h, and the phase of the clock, defined by the peak expression of core clock factors, is 84 

modifiable by environmental time cues, known as zeitgebers. For example, light is a 85 

zeitgeber which can adjust the phase of the central circadian clock within the brain. In 86 

skeletal muscle, the phase of the clock mechanism can be modified by muscle contractions 87 

and exercise (Golombek & Rosenstein, 2010; Wright et al., 2013). This becomes important 88 
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for physiological systems as the clock mechanism regulates a daily program of gene 89 

expression, termed clock output, that support a temporal pattern of cell physiology (Panda, 90 

2016). Thus, if the clock mechanism in muscle shifts circadian phase, then the downstream 91 

clock controlled gene expression program would be shifted, affecting the temporal pattern of 92 

physiological outcomes.  93 

 Herein, we tested whether 6 weeks of time-of-day run training at the same relative 94 

intensity would alter the early active phase (morning) vs. late active phase (afternoon) 95 

endurance performance in mice. Our results demonstrate that mice trained in the morning 96 

exhibited a greater adaptation in performance compared to those trained in the afternoon. We 97 

found that 6 weeks, but not 3 weeks, of training was sufficient to result in the same maximum 98 

endurance performance between the morning vs. afternoon runners. We did not detect 99 

differences in resting levels of muscle or liver glycogen after training. However, we did 100 

determine that the circadian clock mechanism in the skeletal muscles of the morning runners 101 

had shifted in phase to ~ 5hrs earlier compared to the sedentary control mice. In contrast, no 102 

clocks within white fat, lung, or the central clock shifted in phase in the morning runners. 103 

From these findings, we propose that the enhanced training adaptations of the morning 104 

runners are linked to the significant shift in the phase of the muscle clocks, which may 105 

temporally align time-of-day skeletal muscle oxidative capacity with the times of exercise.   106 

 107 

 Methods and Materials 108 

Ethical approval 109 

 All animal procedures in this study were conducted in accordance with the guidelines 110 

of the University of Florida for the care and use of laboratory animals (IACUC #201809136). 111 

The use of animals for exercise protocols was in accordance with guidelines established by 112 

the US Public Health Service Policy on Humane Care and Use of Laboratory Animals.  113 

 114 

Animals  115 

Eighteen female PERIOD2::LUCIFERASE (PER2::LUC) mice (Yoo et al., 2004) 116 

aged 5 months (22 ± 1 g body weight) were bred in-house from mice originally received as a 117 

gift from Dr. Joseph Takahashi. Previous data from our laboratory reported no sex-specific 118 

effects of exercise training on muscle circadian PER2::LUC phase (Wolff & Esser, 2012), so 119 

female mice were selected, as they are known to run more than their male counterparts 120 

(Rosenfeld, 2017). Mice were initially housed (12hr light:12hr darkness; ZT0 = time of lights 121 
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on/ rest phase, ZT12 = time of lights off/ active phase) in a controlled climate (23 ± 1.5 °C, 122 

58 ± 5.8 % relative humidity) and had ad libitum access to water and standard rodent chow 123 

(Envigo Teklad 2918, Indianapolis, IN, USA). Mice were then moved to single housing with 124 

the same light, climate, and nutritional conditions prior to starting the experimental protocol. 125 

All experiments took place during the dark/ active phase, and all treadmill testing and 126 

training took place in the dark, under red light, on a Panlab treadmill (Harvard Apparatus, 127 

Holliston, MA). All mice were anaesthetized using isoflurane and euthanized by cervical 128 

dislocation under red light, ~ 3 days after the last bout of exercise training at ZT17. All 129 

tissues were collected at the same time-of-day and included extensor digitorum longus (EDL) 130 

and soleus muscles (SOL), along with the suprachiasmatic nucleus (SCN), lungs and white 131 

adipose tissue (WAT)  which were used for real-time bioluminescence recording. The 132 

gastrocnemius and liver were isolated and cleaned of fat and connective tissue then frozen in 133 

liquid nitrogen and stored at -80°C pending further analysis. 134 

 135 

Maximal Endurance Capacity Testing 136 

Each maximal endurance capacity testing session was performed, similar to that 137 

described in (Maier et al., 2022). Briefly, animals began at a speed of 10 cm/s at 10° incline 138 

for a 5 min warm-up period. The incline was increased to 15° and the treadmill speed was 139 

increased by 3 cm/s every 2 min until exhaustion. The treadmill was operated with the 140 

electrical shock grid turned off and sponges were placed at the back of the treadmill to reduce 141 

the risk of injury. Mice were deemed exhausted when they remained in contact with the 142 

sponge >10 s and could not be encouraged to continue by several air puffs. All mice were 143 

tested at the time which corresponded to their group (i.e., either ZT13 or ZT22). The 144 

sedentary control group (n = 6) were split so that half (n = 3) were handled at ZT13 in the 145 

same manner as the morning training group, and the other half were handled at ZT22 146 

identically to the afternoon training group. This involved being moved from the housing suite 147 

into the treadmill room for the duration of each exercise session, here they maintained a 148 

sedentary state in their cages and positioned next to the treadmill.  149 

 150 

Maximal Endurance Testing Schedule 151 

Initially, mice were randomized into two groups for pilot maximal endurance capacity 152 

testing, a morning group (ZT13, n = 9) and an afternoon group (ZT22, n = 9). This was to 153 

confirm that there were measurable time-of-day differences in exercise capacity. Immediately 154 
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prior to the pre-training trial, mice were subjected to three days of forced treadmill 155 

familiarization as in previously described methods (Sato et al., 2019). Briefly, during the first 156 

day of familiarization the speed of the treadmill was set to 10 cm/s for 5 min at 0° incline. 157 

The incline was then adjusted to 5° and speed was ramped up by 2 cm/s every 2 min up to 20 158 

cm/s. The second day consisted of an increase in speed every 3 min by 3 cm/s from 10 cm/s 159 

to 24 cm/s at an incline of 10°. The final familiarization session was the same as the second 160 

day but performed on a 15° incline. On the day after the third familiarization session, 161 

maximal endurance capacity testing was performed. This was followed by a 10 day washout 162 

period where mice where acclimated to new housing. Mice were continuously monitored for 163 

daily activity using wireless, infrared activity monitoring (Actimetrics, Wilmette, IL, USA; 164 

analyzed using ClockLab software).  165 

 Mice were then re-randomized into three experimental groups where they remained 166 

for the 6-week time-of-day training: i) training in the morning at ZT13 (n = 6), ii) training in 167 

the afternoon at ZT22 (n = 6), or iii) sedentary control (CON, n = 6). These groupings 168 

denoted the time-of-day in which testing and training occurred. Similar to the pilot testing the 169 

CON group was split so that half (n = 3) were handled at the same time as the morning group, 170 

and the other half were handled with the afternoon group. This involved being moved from 171 

the housing suite into the treadmill room for the duration of each exercise session, where they 172 

were maintained sedentary in their cages and positioned next to the treadmill. Mice had their 173 

food removed 1 hour prior to exercise testing and were assessed for their maximal endurance 174 

capacity before, after 3 weeks, and after 6 weeks of time-of-day training. Endurance capacity 175 

testing conducted after 3 weeks was used to scale exercise intensity to account for training 176 

adaptations and assess a time course for improvements. 177 

 178 

Endurance Training Program 179 

The training program consisted of 5 exercise bouts per week, over the 6 weeks of 180 

training (30 individual exercise bouts), all bouts were consistently performed at the assigned 181 

time-of-day training group times (i.e., ZT13 or ZT22). Each training bout consisted of 1 hour 182 

of treadmill running at a consistent slope of 15° and a speed corresponding to 70 % of work 183 

done (Equation 1) during maximal endurance testing, calculated according to equations from 184 

(Avila et al., 2017).  185 

Equation 1. work done = M⋅D⋅ sinθ  186 

 Were M is the mass (g) of the animal, D is the distance (m) ran in the maximal capacity test and θ is 187 

the slope (°) of the treadmill. Work done is measured in arbitrary units (Avila et al., 2017). 188 
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 189 

Blood collection and body composition 190 

Tail blood glucose (Accu-Chek, Roche) and blood lactate (Lactate Plus meter, Nova 191 

Biomedical) values were determined immediately prior to the maximal exercise capacity test 192 

and immediately post, within 1 min after physical exhaustion. Blood glucose and lactate was 193 

also taken on the third session of each week both pre and post. Body composition was 194 

assessed by nuclear magnetic resonance (Echo MRI-100 Body Composition Analyzer; Echo 195 

Medical Systems, Houston, TX) was conducted at ZT17, on the days immediately prior to 196 

maximal testing.  197 

 198 

Lumicycle analysis 199 

 For real-time bioluminescence recording, tissue explants (EDL, soleus, SCN, lungs 200 

and white fat) were washed in warm Hams F-10 1X and switched to recording medium 201 

(DMEM without phenol red (Caisson DML12-500ml) supplemented with 5 % FBS, 1mM 202 

sodium pyruvate, 1 % P/S and 0.1 mM Luciferin. SCN recording medium also contained 2 % 203 

B27 and 2 % L-glutamine). For the muscle tissues care was taken to isolate complete muscles 204 

and dissect from tendon to tendon. Whereas only a ~1cm3 piece of lung and white fat was 205 

dissected, with care to ensure the same place and size was sampled across animals. The 206 

whole SCN slice was taken after dissection under a microscope. Tissues were cultured in 207 

vacuum-sealed 35mm dishes with a microscopy glass coverslip and placed into the 208 

Lumicycle 32 (Actimetrics, Wilmette, IL). Real-time bioluminescence recording was 209 

performed with a sampling frequency of every 10 min for at least four consecutive days as 210 

previously described (Wolff & Esser, 2012; Kemler et al., 2020). The first 24 h of baseline-211 

subtracted raw data was removed, due to the expected measurement fluctuations within the 212 

first 24 h of recording. Trimmed data was analyzed using the R based algorithm JTK Cycle 213 

(RRID:SCR_017962), to determine phase (lag), period length and amplitude (Hughes et al., 214 

2010). The Benjamini–Hochberg multiple comparison adjusted P value was used to assess 215 

the quality of the circadian curve fit. For the tissue explants, each EDL and soleus was 216 

considered a technical replicate for a given animal and chunks of lung and white fat were 217 

halved. Due to technical problems, in the SCN we were only able to include an n of 2 for 218 

each group.  219 

 220 

Muscle and liver glycogen 221 
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Small (~10 mg) frozen pieces from the gastrocnemius muscle and liver were used to 222 

detect tissue glycogen content. Care was taken to ensure the same location of each tissue was 223 

sampled across replicates. Tissue samples were weighed and homogenized in 100 μl of 224 

glycogen hydrolysis buffer in a bullet blender (BBY24M, Next Advance, NY, USA). 225 

Homogenates were centrifuged at 12000 rpm for 5 mins at 4 °C. Muscle glycogen 226 

concentrations were then quantified from the supernatant using a commercially available kit 227 

(K2144, ApexBio, Houston TX, USA) according to manufacturer’s instructions. Glycogen 228 

concentrations were plotted against a standard curve and background glucose was subtracted 229 

to calculate glycogen content which was expressed normalized to tissue weight. 230 

 231 

Statistical analysis  232 

Unless stated otherwise, data are presented as mean ± standard deviation (SD) and all 233 

statistical analyses were conducted in GraphPad Prism 9.1.2 (GraphPad Prism, RRID:SCR 234 

002798). For multiple comparisons, data were analyzed using one or two factor analysis of 235 

variance (ANOVA) followed by Tukey’s multiple comparisons test. To assess differences 236 

between exercise training groups only, two-tailed independent student t-tests were performed 237 

to evaluate statistical differences. Real-time bioluminescence data was analyzed in the R 238 

package JTK Cycle (RRID:SCR_017962) and the Benjamini–Hochberg multiple comparison 239 

adjusted P value was used to assess the quality of the curve fit. All statistically significant 240 

thresholds were considered at the level of p < 0.05. All raw data that support the findings of 241 

this study are available from the corresponding author upon reasonable request. 242 

 243 

Results 244 

Morning runners exhibited enhanced adaptations compared to afternoon runners. 245 

To evaluate the effects of time-of-day treadmill training on maximal endurance 246 

performance, we first performed a maximal endurance capacity test prior to training at two 247 

distinct times during the active period. In accordance with previous work in humans 248 

(Küüsmaa et al., 2016) and mice (Ezagouri et al., 2019), we established that mice tested in 249 

the afternoon (ZT22) exhibited significantly greater treadmill endurance capacities than those 250 

tested in the morning (ZT13)(Figure 1B). To allow for comparisons among the mice, we 251 

calculated treadmill work done which considers the treadmill speed, incline, duration and 252 

mouse bodyweight. We determined that the afternoon runners performed/completed 85% 253 

more treadmill work than the morning runners (2552 (260) arbitrary units [AU] vs. 1381 254 
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(354) AU)(p < 0.0001; Figure 1B). Additionally, mice tested in the afternoon achieved an 255 

83% farther distance (p < 0.0001; Figure S1A) and spent 57% longer duration on the 256 

treadmill (p < 0.0001; Figure S1B) their morning testing counterparts. 257 

Ten days following pre-testing, mice were randomly assigned to complete 6 weeks of 258 

scheduled run training during the morning or afternoon. Maximum endurance capacity was 259 

tested at 3 timepoints; i) prior to the onset of training, ii) after 3 weeks of training, and iii) 260 

after 6 weeks of training. Within each time-of-training group, we found that the morning 261 

mice exhibited significant increases in endurance capacity from onset to 3 weeks (p = 0.0400) 262 

and 3 weeks to 6 weeks of training (p = 0.0046). In contrast, the afternoon training group 263 

demonstrated a significant change in endurance performance when comparing between the 264 

pre-test to 6 weeks (p = 0.0425), but endurance capacity at 3 weeks was not statistically 265 

different from either onset (p = 0.2048) or week 6 values (p = 0.0639)(Figure 1C).  The 266 

plotted trajectory of individual mouse endurance time is provided in supplemental data 267 

(Figure S2) which suggests that rate of change in endurance capacity is greater in the 268 

morning trained compared to the afternoon trained mice.  269 

In Figure 1D we compared maximum endurance capacity (work done) between each 270 

time-of-training group for each maximal test. After 3 weeks of training, the afternoon mice 271 

continued to perform significantly better, completing more treadmill work (47%; p = 0.0044) 272 

compared to those tested in the morning. However, following 6 weeks of run training, the 273 

endurance performance of mice that trained during the morning increased and was not 274 

different from those that trained during the afternoon (p = 0.2182)(morning runners: 3214 275 

(384) AU vs afternoon runners: 3708  (481) AU; Figure 1D). Together, these endurance 276 

performance results indicate that mice in the morning training group exhibited a greater rate 277 

of adaptation in endurance performance compared to the mice trained in the afternoon. By 278 

week 6, morning runners exhibited no difference in treadmill performance compared to the 279 

afternoon runners.   280 

Lastly, we wanted to examine the differences in absolute work done during training 281 

between morning runners and afternoon runners to understand how differences in the average 282 

amount of work done may have affected maximal performance (Figure 1E). We show work 283 

done on average across weeks 1 to 3 (p < 0.0001) and weeks 4 to 6 (p < 0.0001) of training 284 

was significantly greater for afternoon runners compared to morning runners. Therefore, 285 

morning runners were subject to less absolute work, despite using equal relative workloads in 286 

training. 287 

 288 
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Figure 1 289 

 290 

 291 

 292 

 293 

 294 

 295 

 296 

 297 

 298 

 299 

 300 

Figure 1. Time of exercise training reduces diurnal differences in exercise performance.  301 

All data are presented as MEAN (SD) with individual values plotted, and significant p-values 302 

are bolded in the figure for identification. Each maximal test was conducted at ZT13 (blue 303 

bars) for the morning runners and at ZT22 (gray bars) for the afternoon runners. A. A 304 

schematic of the experimental design is presented to show the time-line of testing, grouping, 305 

and training. B. Ten days prior to the onset of training, a pilot test was conducted to confirm 306 

if diurnal differences in maximal run performance existed for Morning Runners (n = 9) 307 

Afternoon Runners (n = 9). C and D. Maximal endurance capacity testing was conducted 308 

prior to (Morning runners: n = 6); Afternoon Runners: n = 6), 3 weeks after, and 6 weeks 309 

after onset of training. Post-Hoc comparisons of morning runners and afternoon runners are 310 

shown through within-group and between-group comparisons. E.  Average training volume 311 

of Morning and afternoon runners were also compared across weeks 1-3 and weeks 4-6. 312 

 313 

Blood glucose, blood lactate response to exercise and tissue glycogen content with training 314 

show no time-of-day differences. 315 

To corroborate our time-of-day exercise capacity outcomes, well-established markers 316 

of acute exercise and training responses were evaluated. To interrogate the acute response 317 

during maximal endurance exercise we measured blood glucose and blood lactate 318 

immediately before and after each maximum endurance test.  We observed significantly 319 

higher measures of blood glucose (p < 0.05) and blood lactate (p < 0.05) immediately after 320 

each maximum capacity test (Figure 2A & 2B). However, there was no difference between 321 

morning and afternoon runners for either measure, and there was no change with training. 322 
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Thus, the acute glucose/lactate response does not differ between time-of-training groups and 323 

does not show any pattern that associates with differences during any endurance capacity 324 

tests. 325 

It is well know that endurance training results in increased storage of glycogen in both 326 

muscle and liver (18, 34, 35). Thus, we tested whether there were any differences in tissue 327 

glycogen abundance that could be a potential reason for our time-of-day-specific training 328 

outcomes. After 6 weeks of training, we found skeletal muscle (p > 0.9999) and liver (p = 329 

0.1504) glycogen content were not different between morning and afternoon runners. In 330 

addition, we did not observe differences in glycogen abundance in the liver of morning (12.4 331 

(4.0) μg/mg)(p = 0.0662) or afternoon (9.5 (1.5) μg/mg tissue)(p = 0.8895) runners, 332 

compared to sedentary controls (8.8 (1.0) μg/mg tissue); Figure 2C). However, skeletal 333 

muscle glycogen was higher in morning (1.5 (0.2) μg/mg)(p < 0.0001) and afternoon (1.5 334 

(0.2) μg/mg)(p < 0.0001) runners compared to sedentary controls (0.6±0.1 μg/mg)(Figure 335 

2D). Thus, we did not find any time-of-day training effects on the magnitude of glycogen 336 

storage.  337 

 338 

Figure 2 339 
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 340 

Figure 2. Maximal capacity test blood markers and basal tissue glycogen content. 341 

All data are presented as MEAN (SD) with individual values plotted, and significant p-values 342 

are bolded in the figure for identification. Each maximal test in A and B was conducted at 343 

ZT13 for the morning runners (blue bars)(n =6) and at ZT22 for the afternoon runners (gray 344 

bars)(n = 6). A and B. Acute blood markers of glucose and lactate were collected both pre 345 

and post each maximal testing bout. C and D. Tissue glycogen content for liver (µg/mg of 346 

tissue) and skeletal muscle (µg/mg of tissue) was collected 72h after completion of the final 347 

endurance testing session. Figures C and D are represented with black bars for control mice 348 

(n = 6), blue bars for morning runners (n = 6), and gray bars for afternoon runners (n = 6). 349 

 350 

Increased Daily Cage Activity and Body Composition during Exercise Training  351 

We next asked if there were differences in the daily cage activity in the mice in the 352 

morning or afternoon training groups. For these experiments we used infrared motion sensors 353 

in the home cage to track 24hr movement around the cage. We found that mice from both 354 

training groups exhibited more movement in their home cages compared to the control mice 355 

throughout the 6 weeks of training (morning runners: Week 1, Week 3, and Week 6 p < 356 

Pre
Post Pre

Post

0.0003 0.0001

Pre Post Pre Post
0

200

300

400

500

B
lo

o
d

 g
lu

co
se

 (
m

g
/d

L
)

0.0047 0.0023

Pre
Pos

t
Pre

Post

<0.0001 <0.0001

Pre
Post Pre

Pos
t

0

2

4

6

8

10

B
lo

o
d

 la
ct

at
e 

(m
m

o
l/L

) 0.0002 0.0002

Pre
Post Pre

Post

<0.0001 <0.0001

Pre
Post Pre

Post

<0.0001 <0.0001

Max Test 1 Max Test 2 Max Test 3

Interaction p = 0.4799
ZT group p = 0.1256
Pre vs Post p = <0.0001

CON ZT13 ZT22
0
5

10

15

20

L
iv

er
 G

ly
co

g
en

 
(µ

g
/m

g
 o

f 
ti

ss
u

e)

CON ZT13 ZT22
0

0.4

0.8

1.2

1.6

2.0

S
ke

le
ta

l M
u

sc
le

 G
ly

co
g

en
 

(µ
g

/m
g

 o
f 

ti
ss

u
e)

<0.0001

<0.0001

A.

B.

C. D.

Interaction p = 0.0948 
ZT group p = 0.4297
Pre vs Post p = 0.0001

Interaction p = 0.6806
ZT group p = 0.6403
Pre vs Post p = <0.0001 

Interaction p = 0.7133
ZT group p = 0.7073
Pre vs Post p = <0.0001

Interaction p = 0.8283
ZT group p = 0.9411
Pre vs Post p = <0.0001

Interaction p = 0.7426
ZT group p = 0.5366
Pre vs Post p = <0.0001

ZT13
ZT22

ANOVA p = 0.0614 ANOVA p = <0.0001 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted September 19, 2023. ; https://doi.org/10.1101/2023.09.18.557933doi: bioRxiv preprint 

https://doi.org/10.1101/2023.09.18.557933
http://creativecommons.org/licenses/by-nc-nd/4.0/


0.0001; afternoon runners: Week 1 and Week 3 p < 0.001, Week 6 p = 0.0001)(Figure 3A). 357 

We noted that the activity of the mice was largely limited to the normal active period (dark 358 

phase) with no indication of altered activity in the light or sleep phase of the day (data not 359 

shown or in supplement). We did detect cage activity differences between the morning and 360 

afternoon training groups with the afternoon runners showing more daily cage activity in the 361 

first week (p = 0.0017), while the morning runners had more cage activity in the last week of 362 

training (p < 0.0001). It is important to note that these measures are reflecting behavioral 363 

changes based on movement in the cage but cannot extracted distance traveled.  364 

We also sought to investigate if time-of-training elicited differential changes in body 365 

mass and/or body composition and if there were any alterations that associated with the 366 

differences in work done during treadmill running. We measured weekly food consumption 367 

in all mice and found there were no significant differences in the amount of food consumed 368 

across all 3 groups (Figure S3). We tracked body weight and body composition at weeks 1, 3 369 

and 6 following training in all groups. There were no significant differences between 370 

sedentary control, morning runners, or afternoon runners in body mass (Figure 3B) or percent 371 

lean mass (Figure 3C). However, percent fat mass was significantly reduced at 6 weeks in 372 

both morning (p = 0.0010) and afternoon runners (p = 0.0014) compared to sedentary 373 

controls (Figure 3D). These results indicate that time-of-day training over 6-week did not 374 

significantly alter body mass or lean mass but did reduce fat mass in training groups. Because 375 

there are no differences between time-of-day training groups, we suggest changes in fat mass 376 

do not correlate with the time of training performance differences.  377 

Figure 3 378 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted September 19, 2023. ; https://doi.org/10.1101/2023.09.18.557933doi: bioRxiv preprint 

https://doi.org/10.1101/2023.09.18.557933
http://creativecommons.org/licenses/by-nc-nd/4.0/


 379 

Figure 3. PER2::LUC mice cage activity and body composition profile. 380 

Unless stated otherwise, data are displayed as MEAN (SD) with individual values plotted, 381 

and significant p-values are bolded in the figure for identification. Mice were individually 382 

housed for the duration of the time-of-day training program, and all animals were evaluated 383 

at weeks 1, 3, and 6 for cage activity and body composition. The sedentary control group is 384 

shown in black (n = 6), the ZT13   mass) are displayed to visually represent group 385 

comparisons over time.  386 

 387 

Tissue-Specific Circadian Phase Responses to Morning and Afternoon Exercise Training. 388 

We used tissues from the circadian reporter mice, PER2::LUC, to ask if exercise 389 

training at different times within the active period would lead to sustained changes in the 390 

phase of the skeletal muscle clock. For these experiments we collected the tissues from the 391 

mice 3 days following the last bout of exercise to avoid any potential acute effects of 392 

exercise. We collected both soleus and EDL muscles from mice to address whether there 393 

were any fiber type or muscle recruitment specific effects on the phase of the muscle clocks 394 

following morning or afternoon active period run training. Using real-time bioluminescence 395 

recording, we determined that the clocks in the EDL muscles of morning runners exhibited a 396 

phase advance of ~ 5.5 hours compared to the clocks in the control sedentary EDL muscles (p 397 
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< 0.0001)(Figure 4A  & 4C). In contrast, the clocks in the EDL muscles of afternoon runners 398 

experienced a ~6.3-hour phase delay (p < 0.0001)(Figure 4B & 4C). Analysis of the data 399 

from soleus muscles found that the muscle clock phase changes were similar in magnitude to 400 

the EDL, with the soleus muscles of morning runners exhibiting a phase advance of ~6.1 401 

hours (p < 0.0001)(Figure 4D & 4F), and the muscle clocks from the afternoon runners 402 

experienced a phase delay of ~ 7 hours (p < 0.0001)(Figure 4E & 4F). While there were 403 

significant changes in phase, there were no significant changes in the amplitude of the 404 

PER2::LUC rhythms between time-of-day exercise training groups (Figure S4A-E). These 405 

findings demonstrate that run training in the morning or afternoon results in robust (>5hr) and 406 

stable shifts in the clocks within the soleus and EDL muscles. These findings are consistent 407 

with observations of acute time-of-day exercise on the muscle clocks and reinforce the 408 

concept that exercise can function as a non-photic time cue, or zeitgeber, in vivo, and this is 409 

irrespective of fiber type and muscle recruitment or loading patterns.  410 

Figure 4 411 

 412 

Figure 4. Effects of 6 weeks exercise training on circadian phase of the skeletal muscle 413 

clock. 414 

All data is represented as mean (SD) with individual values plotted for C and F, and 415 

significant p-values are bolded in the figure for identification. All animals in the sedentary 416 
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control group (n = 6), ZT13 (n = 6) and ZT22 (n = 6) exercise training groups were killed 72 417 

hours after their last bout of exercise, and tissues were placed in a lumicycle for culture at 418 

ZT17. Real-time bioluminescent tracing (baseline subtracted) of PER2::LUC activity is 419 

shown over 3 consecutive days for the explanted muscles. All data shows the sedentary 420 

control group as black. A and B. The extensor digitorum longus (EDL) muscle are shown in 421 

light blue for morning runners (ZT13) and in dark blue for the afternoon runners (ZT22), with 422 

the change in EDL phase from the control mice represented in C. D and E. The soleus is in 423 

light red for ZT13 and in dark red for ZT22, with the change in soleus phase from control 424 

mice shown in F.  Arrows shown in A, B, D, and E indicate the timing of peak luminescence. 425 

For C and F, a decrease in phase indicates a phase advance, and an increase in phase 426 

represents a phase delay.  427 

 428 

While skeletal muscle is the common target for exercise studies, in vivo exercise 429 

training leads to adaptations across different organ systems (MoTrPAC Study Group et al., 430 

2023). We isolated the central clock (SCN), and lung and white adipose tissues  to address 431 

potential shifts in non-muscle tissue clocks. Analysis of PER2::LUC bioluminescence of lung 432 

tissue (Figure 5A & 5D) from morning and afternoon exercised mice found that there was no 433 

significant phase shift within the lung tissue of morning runners, but the lung tissue of 434 

afternoon runners exhibited phase delays by an average of 6.1 hours (p = 0.0004)(Figure 5A 435 

& 5B). Like lung tissue, the WAT clocks from morning runners showed no significant 436 

changes in the timing of their circadian phase, however, the WAT of afternoon runners 437 

showed a ~5.4-hour phase delay (Figure 5D & 5E).  Lastly, we examined the effect of time of 438 

exercise training on the phase of the central clock within the suprachiasmatic nuclei of the 439 

hypothalamus in a subset of animals. Consistent with what has been reported for run training 440 

(Wolff & Esser, 2012), we did not detect any exercise training-induced phase advances or 441 

delays in the SCN (Figure S5A-G).  These results illustrate the complexity of systemic 442 

signals that regulate the phase of the peripheral tissue clocks. Unlike muscle neither WAT or 443 

lung clocks exhibited a phase advance with morning running, but like muscle clocks, the 444 

clocks withing WAT and lungs shared the significant phase delays with afternoon running.  445 

Much more research is needed to identify the upstream time cues and molecular mechanisms 446 

modifying non-muscle clock shifts with exercise training.  447 

Figure 5 448 
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 449 

Figure 5. Effects of 6 weeks exercise training on circadian phase of the intrinsic clock 450 

for lung and white fat. 451 

All data is represented as mean (SD) with individual values plotted for C and F, and 452 

significant p-values are bolded in the figure for identification. All animals in the sedentary 453 

control group (n = 6), ZT13 (n = 6) and ZT22 (n = 6) exercise training groups were killed 72 454 

hours after their last bout of exercise, and tissues were placed in a lumicycle for culture at 455 

ZT17. Real-time bioluminescent tracing (baseline subtracted) of PER2::LUC activity is 456 

shown over 3 consecutive days for the explanted tissues. All data shows the sedentary control 457 

group in black. A and B. The lung tissue is shown in light green for the morning runners 458 

(ZT13) and in darker green for the afternoon runners (ZT22), with the lung phase difference 459 

compared to sedentary controls shown in C. D and E. White adipose tissue is shown in light 460 

orange for ZT13 and in darker orange for ZT22, with the white adipose phase difference 461 

compared to sedentary controls shown in F. Arrows shown in A, B, D, and E indicate the 462 

timing of peak luminescence. For (C) and (F), a decrease in phase indicates a phase advance, 463 

and an increase in phase represents a phase delay.  464 

Discussion 465 

Here, we demonstrate that 6 weeks of treadmill run training, in female mice, during 466 

the morning leads to enhanced endurance performance compared to training in the afternoon, 467 
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despite both groups training at the same relative intensity. The enhanced performance in 468 

morning runners cannot be explained by measured metabolic markers, differences in body 469 

mass or body composition. However, morning runner performance was associated with a 470 

large ~5 hour phase advance of the skeletal muscle clock. Thus, we suggest that the enhanced 471 

performance outcomes of the morning time-of-training group is linked to the large phase 472 

advance in the skeletal muscle clock, which potentially serves to better align substrate 473 

metabolism with the time of performance. 474 

Endurance exercise capacity in mice has been shown by our lab and others to be 475 

lower during the morning hours of the active phase compared to the afternoon hours (Wolff 476 

& Esser, 2012; Ezagouri et al., 2019; Sato et al., 2019; Adamovich et al., 2021b, 2021a; 477 

Maier et al., 2022). In this study we reveal that endurance exercise training during the 478 

morning overcomes the established time-of-day difference in maximal endurance capacity. 479 

However, this was not evident following 3 weeks of training, which is consistent with the 480 

findings of Adamovich and colleagues that showed time-of-day endurance performance was 481 

still different after  2 weeks of run training (Adamovich et al., 2021b). We found that 482 

differential performance between morning and afternoon runners required 6 weeks of 483 

treadmill training to be overcome. This is consistent with findings from Souissi and 484 

colleagues that demonstrated that 6 weeks of resistance training in humans was sufficient to 485 

overcome time-of-day maximal strength differences, with the effects persisting at 2 weeks 486 

post training (21). Thus, the data show time-of-day performance differences can be 487 

overcome, but it requires several weeks of regular training in the morning to be realized.  488 

As an important design feature of this study, we carefully controlled the training 489 

workloads so that each group trained at the same relative workload (70% of max) based on 490 

individualized maximal run performance. Relative workloads are commonly used to 491 

normalize the intensity of exercise across individuals with different maximal capabilities in 492 

order to improve the specificity of training (Hawley, 2002; Nordsborg et al., 2010; Mann et 493 

al., 2013, 2014; Egan & Sharples, 2023). For example, like our study with mice, Souissi and 494 

colleagues, also applied relative training loads, as percentages of time-of-day maximal knee 495 

extensor strength, for each participant, and updated after mid-study re-testing. It is important 496 

to note that since we standardized the training based on relative workloads, this means that 497 

the morning runners achieved an enhanced rate of endurance performance adaptation despite 498 

training at a lower absolute treadmill workload compared to the afternoon runners. This 499 

outcome was surprising as we saw no between-group differences in other factors that 500 

influence treadmill run performance like body weight (Winter, 1979; Avila et al., 2017), lean 501 
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body mass (%) (Maciejczyk et al., 2014), and glycogen abundance in liver and muscle 502 

(López-Soldado et al., 2021). This suggests that the mechanisms underpinning the enhanced 503 

performance among morning runners were likely unique to time-of-day training.  504 

Prior studies using genetic mouse models have determined that time-of-day endurance 505 

performance differences required the circadian clock system. In this study we asked whether 506 

time-of-day training was sufficient to modify the steady-state settings of the muscle circadian 507 

clock. Using real time bioluminescence recording from tissues of the control and trained 508 

PER2::LUC mice we determined that the morning runners exhibited a ~5-hour phase advance 509 

in both the EDL and the soleus muscles but no change in lung or white fat clocks. This is 510 

contrary to the results from Adamovich and Colleagues’ 2-week training study in which there 511 

was no significant change in the phase of the muscle clock with morning training 512 

(Adamovich et al., 2021a). Since all tissues in this study were collected 72 hours following 513 

the final testing bout, these changes in clock settings represent a steady state shift rather than 514 

an acute exercise response. Lastly, inclusion of both the soleus and EDL muscles in this study 515 

allow us to conclude that the exercise induced clock shifts are not specific to muscle 516 

innervation, fiber type composition, or muscle motor pattern function, due to the identical 517 

phase shifts of the clocks in these two diverse muscles.  518 

 Previous literature using loss of function genetic mouse models have demonstrated 519 

that the circadian clock mechanism is necessary for the time-of-day exercise performance. 520 

Additional analyses suggested this was due to glycogen storage by the liver associated with 521 

feeding as contributing factors (Ezagouri et al., 2019; Adamovich et al., 2021a). Our data 522 

provide new insight into these time-of-day exercise performance differences with evidence 523 

that diurnal differences in exercise capacity may be directly influenced by the skeletal muscle 524 

circadian clocks. Potential insight into the mechanism may come from data from van Moorsel 525 

et al (van Moorsel et al., 2016), demonstrating that human muscle mitochondrial oxidative 526 

capacity exhibited a time-of-day pattern with highest capacity in the late afternoon. These 527 

observations were followed by data from Gemmink and colleagues (Gemmink et al., 2023), 528 

demonstrating time-of-day fluctuations in mitochondrial morphology that mirrors oxidative 529 

function. Additional papers have highlighted various aspects of mitochondrial structure and 530 

function with muscle circadian clocks (Liu et al., 2007; Jordan & Lamia, 2013; Jacobi et al., 531 

2015; Sardon Puig et al., 2018). These studies indicate that circadian clock output in muscle 532 

contributes to the daily variations in mitochondrial oxidative capacity. From this, we propose 533 

that the  ~5h advance in the muscle clock in morning runners temporally shifts the peak of 534 

clock output including genes contributing to mitochondrial oxidative capacity. With this large 535 
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shift in clock phase, the peak mitochondrial function will better align with time on the 536 

treadmill. Said differently, we propose that the enhanced adaptations of the morning runners 537 

are the result of a phase advancement in mitochondrial oxidative capacity driven by shifts in 538 

the skeletal muscle clock. This hypothesis is substantiated by recent findings from Xin and 539 

colleagues (Xin et al., 2023b) which demonstrated that using time restricted feeding as a 540 

method to advance the muscle clocks, is sufficient to improve rest phase maximal endurance 541 

capacity, even in the absence of exercise training (Wolff & Esser, 2012). They found that the 542 

increased performance was associated with an alignment of the expression profile of the 543 

oxidative metabolism gene network in muscle to time-of-feeding. Importantly, this effect was 544 

not observed in mice without a functional whole-body or muscle-specific clock mechanism, 545 

illustrating that the muscle clock directed the changes in endurance performance observed 546 

with rest-phase-restricted feeding. The implications of this body of work suggests that when 547 

implementing an exercise training regimen, it will be important to consider time-of-day to 548 

support alignment of the muscle clock and metabolic profile to the time of performance. 549 

In conclusion, we report that six weeks of treadmill exercise training induces an enhanced 550 

endurance performance adaptation in the morning (ZT13) compared to afternoon (ZT22) 551 

training groups. This enhanced adaptation in the morning training group is associated with a 552 

significant ~5hr advance in the muscle clock phase with no changes in the central clock or 553 

white fat and lung clocks. Studies have demonstrated important links between the muscle 554 

clock and daily modulations in metabolism, in particular oxidative metabolism. Thus, we 555 

propose that this enhanced adaptation to morning training is due to shifts in phase of the 556 

muscle clock to better align metabolic capacity of the muscle with exercise demands. While 557 

exercise is known to exert a myriad of positive health effects, the concept that these benefits 558 

may be conferred, in part, through changes in circadian rhythmicity, remains under studied. 559 

More work must be done to truly link exercise induced changes in muscle circadian phase, 560 

endurance performance, and mitochondrial oxidative capacity because such a relationship has 561 

sweeping implications for athletic performance, experimental exercise-research design, as 562 

well as restoring functional deficits in individuals with circadian disruption (e.g., type 2 563 

diabetes and aging (Broussard et al., 2012; Silva et al., 2021; Savikj et al., 2022).  564 
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